The antibacterial effect of the soybean phytoalexin glyceollin was assayed using a liquid microculture technique. Log-phase cells of Bradyrhizobium japonicum and Sinorhizobium fredii were sensitive to glyceollin.
The gram-negative, slow-growing soil bacterium Bradyrhizobium japonicum as well as the fast-growing Sinorhizobium fredii (3) are able to form effective nitrogen-fixing symbioses with the host plant Glycine max. During the early stages of interaction between host and microsymbiont, rhizobia act very much like plant pathogens: they have to invade the root hairs of the host, thereby overcoming possible plant defense responses. Analogies between the early stages of the Rhizobium-legume symbiosis and a pathogenic interaction have been pointed out by several investigators (8, 9, 21, 38, 42) .
In a number of plant-pathogen interactions, the induction of phytoalexins, plant-derived antimicrobial low-molecularweight molecules, is believed to play an essential part in host resistance (10, 43) . In several legumes, phytoalexins belong to the isoflavonoid type (e.g., pisatin in Pisum sp.; glyceollin in Glycine sp.; medicarpin in Medicago sp.). This is of special interest because flavonoids have been shown to be regulators of rhizobial nod gene activity (see reference 25 for a review). Considering the microsymbionts of soybean, the most active inducing compounds are isoflavonoids (1, 14, 22) . Despite this intriguing bifunctionality of isoflavonoids, i.e., regulatory substances and phytoalexins, only a few data are available concerning the significance of phytoalexins in the interaction between rhizobia and their legume host. Pankhurst and co-workers studied the inhibition of rhizobia by isoflavonoids (28) as well as by flavolans (31) . They found an ineffective Rhizobium strain to be more sensitive to the root flavolan of the host plant Lotus corniculatus than its effective counterpart (30) . In addition, the ineffective strain induced the synthesis of higher flavolan concentrations in the nodules of this plant (29) . Taken together, these results indicate the importance of flavonoids as toxic compounds for rhizobia, which may have consequences for the symbiotic interaction.
Glyceollin, a phytoalexin of soybean ( Fig. 1) , is strongly induced in response to a number of biological, chemical, and physical stresses, e.g., infection with pathogenic fungi, the presence of heavy metals, or UV radiation (10, 19, 45) . In symbiotic interactions, the accumulation of glyceollin has also been observed. Morandi et al. (26) found higher concentrations of glyceollin in mycorrhiza-infected roots of G. max than in axenic roots. Glyceollin accumulation may also take place in later stages of the Glycine-Bradyrhizobium interaction: nodule cells of Glycine sp. display a hypersensitive reaction when infected with incompatible or mutant strains of Bradyrhizobium sp. (32, 34, 46) . The work of several laboratories confirms the assumption that, even in very early stages of the interaction, rhizobial infection contributes to enhanced release of flavonoids and phytoalexins by the host plant. Recourt et al. (37) found an increase in the number of flavonoids exuded by Vicia sativa in response to infection with a compatible Rhizobium leguminosarum strain. Enhanced levels of glyceollin could be detected in the rhizosphere of G. max 20 h after infection with B. japonicum (33, 39a Isolation and analysis of glyceollin. Glyceollin was isolated by the method of Grisebach (16) , with the modification that glyceollin isomers I to III were collected after high-pressure liquid chromatographic (HPLC) separation from other flavonoids. The identity of glyceollin isomers was confirmed by the UV spectra and mass spectra of their trimethylsilyl derivatives.
HPLC analysis of media and culture supematants containing glyceollin was performed under isocratic conditions using a 5-,um RP-18 column (Serva, Heidelberg, Federal Republic of Germany) with methanol-water (50:50, vol/vol) as the solvent system. The analysis of root exudates was done with a linear gradient from 100% water to 70% acetonitrile over 32 min. After HPLC separation, glyceollin concentration was determined with a UV detector and an integrator, using an 8280 of 10,000.
Glyceollin isomers were separated by two-dimensional thin-layer chromatography, using Silica Gel 60 nano-HPTLC plates (10 by 10 cm) with fluorescent indicator (MachereyNagel, Duren, Federal Republic of Germany). The solvent system for the first dimension was chloroform-methanolformic acid (93:6:1, vol/vol), and that for the second dimension was toluol-acetic acid-water (125:72:3, vol/vol). A radioimmunoassay specific for glyceollin I was performed as previously described (34) .
Growth of bacteria and microculture inhibition assay. Bacteria were grown at 28°C in 20E medium (47) Alternatively, the degree of resistance of bacterial cultures was tested by using viability tests. Aliquots of the cultures were adjusted to a AOD6. of 0.1. Samples of 10 ,u were mixed with 90 ,ul of 20E containing glyceollin. When indicated, 20E was replaced by 5 mM MES buffer (pH 6.5) (MES). The final concentration of glyceollin was 90 to 300 ,uM. After 3 h of incubation, appropriate dilutions were plated on 20E agar to estimate the number of surviving CFU.
In some experiments, a mixed inoculum was used containing equal numbers of cells of B. japonicum 110spc4 and A3. To achieve this, cultures of both strains were diluted to a AOD6. of 0.1 and mixed in a 1:1 ratio. A 10-,ul sample of the resulting suspension was mixed with 90 RI of MES containing either glyceollin or root exudate at different concentrations. After 3 h of incubation, appropriate dilutions were plated in parallel on 20E agar and on 20E agar supplemented with kanamycin and streptomycin (100 mg of each per liter). B. japonicum A3 could be differentiated from its parent strain B. japonicum 110spc4 by its ability to grow at these concentrations of antibiotics.
Growth of seedlings, zoospore infection, and exudate preparation. Culture and zoospore induction of P. megasperma f. sp. glycinea were performed as previously described (19) . Soybean seeds (G. max cv. Kenwood) were surface sterilized by immersion in 30% H202 for 10 min, washed 10 times with water, soaked for 6 h, and washed again. The seeds were then placed on nitrogen-free nutrient agar (47) and grown for 2 days in a growth chamber at 25°C (16 h light/8 h dark). The seedlings were transferred to 2.5-ml test tubes with their roots submerged in 2.3 ml of a zoospore suspension of P. megasperma f. sp. glycinea race 1 (approximately 104 spores per plant). After 5 days of incubation in the growth chamber, the root exudates of 100 seedlings were pooled, adjusted to 10% methanol, and filtered successively through glass fiber and 0.2-pum-pore-size filters. The exudate was evaporated to dryness and taken up in 50% ethanol. A white, ethanol-water-insoluble precipitate was discarded. Aliquots were evaporated to dryness and redissolved in 5 mM MES buffer (pH 6.5) (Fig. 3 ). After the culture had reached the log phase, an aliquot was inoculated into fresh medium containing glyceollin at the same concentration. Growth of this culture exhibited no lag phase, and its doubling time was similar to that of the control, which was inoculated in a glyceollin-free medium (Fig. 3) .
The results of the experiments described above confirmed our hypothesis that the observed growth pattern in the presence of glyceollin is not due to metabolism or detoxification of glyceollin by the bacteria but rather because B. japonicum becomes glyceollin resistant during incubation in a glyceollin-containing medium.
In the experiments described above, B. japonicum 61A101 was indistinguishable from strain llOspc4, indicating that resistance to glyceollin can be induced in both strains.
Induction of glyceollin resistance by flavonoids. Since resistance to glyceollin is inducible by incubation in glyceollincontaining medium, we were interested in determining whether structurally related compounds were also able to induce resistance to glyceollin. Genistein (Fig. 1) , an isoflavonoid present in soybean roots (15, 33, 35) , was analyzed for its capacity to induce resistance in B. japonicum. Figure  4 shows the effect of a genistein preculture on A number of other flavonoids were tested for their capacity to induce glyceollin resistance ( Table 1 ). The isoflavonoids genistein and daidzein are potent inducers, while luteolin and coumestrol lack this property. Naringenin and apigenin gave very variable results (data not shown). This might be attributed to the ability of B. japonicum to metabolize these substances. Evidence for naringenin breakdown by B. japonicum 110 has been previously reported (23) .
Absence of involvement of the common nod genes in glyceollin resistance. Since we have shown that flavonoids induce glyceollin resistance and it is known that they also interact Fig. 3, except that with the nodD gene product (25), we therefore analyzed the effect of a nodD deletion on the inducibility of glyceollin resistance by genistein. In the nodDlD2YABC deletion mutant of strain llOspc4 (A1240), glyceollin resistance was still inducible by genistein (Fig. 7) . The growth pattern of the induced cells in the presence of glyceollin was the same as that of the wild type. This result indicates that the two nodD genes are not necessary for induction of the resistance.
Induction of glyceollin resistance in S. fredii HH103. If the inducibility of glyceollin resistance is an advantage for a successful symbiosis with G. max, it is likely that this trait is also present in other rhizobia which are able to nodulate soybeans. Therefore, we included S. fredii, a species very distinct from Bradyrhizobium sp., but still able to nodulate G. max (3) , in our studies. The numbers of living cells of S. fredii HH103 were strongly reduced 3 h after transfer from normal medium to a glyceollin-containing medium (Table 1) . In contrast, genistein-precultured cells were not affected in viability by the same concentration of glyceollin. This led to the conclusion that glyceollin resistance can also be induced in S. fredii.
Protection of glyceollin-resistant cells against toxic compounds present in exudate from phytoalexin-producing soybean roots. It is likely that high amounts of phytoalexins are deposited in the rhizosphere of soybean roots when the plant is challenged by pathogenic organisms. Under these circumstances, resistance to phytoalexins, as observed in the present study, might be of ecological significance. To test this hypothesis, we collected exudate from soybean roots that were previously infected with zoospores of P. megasperma f. sp. glycinea. HPLC analysis revealed that glyceollin was a major component of this exudate. Five days after infection, 10 to 20 nmol of glyceollin per root was obtained from the compatible interaction of cultivar Kenwood with P. megasperma f. sp. glycinea race 1. It is known that roots of soybean react with a massive accumulation of phytoalexin upon infection with zoospores of P. megasperma f. sp. glycinea (19) . Here we observed that glyceollin also accumulates in the rhizosphere of such seedlings. When B. japonicum cells were exposed to root exudate, it was observed (Fig. 8) and strain A3 (A, A) was used. Prior to the inhibition assay, strain 110spc4 was precultured overnight in 20E-MES supplemented with 20 ,uM genistein to induce glyceollin resistance, while strain A3 was grown in 20E-MES only. After 3 h of incubation, the number of surviving CFU of each strain was determined.
were recovered and (ii) that exudate concentrated to a defined glyceollin content exhibited a severalfold-higher toxicity than a similar concentration of purified glyceollin. Therefore, the toxic effect of the exudate cannot solely be ascribed to the presence of glyceollin. Consequently, there must be additional factors in this exudate that are either toxic or increase the toxicity of glyceollin. HPLC analysis demonstrated that soybeans exude a mixture of isoflavonoids and other substances that might interfere with the toxicity of glyceollin. These results obtained with root exudate indicate a possible ecological significance of the inducible glyceollin resistance. It is likely that this trait enhances the ability of the microsymbionts to survive in the rhizosphere of phytoalexin-producing host roots.
DISCUSSION
The results of this study show that rhizobia which form symbioses with soybeans are susceptible to the phytoalexin glyceollin produced by their host plant. More interestingly, all soybean rhizobia tested are able to adapt to the presence of the phytoalexin and tolerate previously bactericidal concentrations. Low concentrations of isoflavones can induce glyceollin resistance. These symbiotic signal compounds are constitutively present in the host plant rhizosphere (4, 15, 22, 33, 35) .
Furthermore, the exudate from phytoalexin-producing soybean roots contains a toxic mixture of compounds that are able to kill cells of the microsymbiont. The killing effect of this exudate is not only due to the presence of glyceollin. However, glyceollin-resistant cells are much more resistant to this mixture than sensitive ones. We conclude that one important function of the inducible resistance is to increase the survival of the microsymbiont in the rhizosphere of challenged host roots.
Phytoalexin accumulation upon contact with incompatible pathogenic microorganisms is a local response. Only plant cells at or in the vicinity of the infection site react with a massive production of phytoalexins (19) . Field-grown soybean roots should have multiple sites of phytoalexin accumulation due to the presence of pathogenic organisms and other environmental stress factors that elicit defense responses. It is therefore plausible that the rhizosphere of soybeans consists of temporal as well as spatial concentration gradients of phytoalexins. An inducible resistance would allow cells of the microsymbiont the physiological plasticity to adapt to changes in phytoalexin concentration.
It is not yet clear whether phytoalexin resistance confers any advantages other than the ability to survive in the rhizosphere of phytoalexin-producing plants. Reports of enhanced flavonoid or phytoalexin concentrations at several different steps of the symbiotic legume-Rhizobium interaction after infection with compatible (29, 33, 37) , incompatible (29, 34, 46) , or mutant (9, 32) rhizobia suggest that phytoalexin resistance could also be important at later stages of the interaction.
B. japonicum 110 and 61A101 represent two highly divergent groups within this bacterial species (7, 18, 40) . The fast-growing microsymbiont of soybeans, S. fredii, is very little related to the bradyrhizobia (3). Yet, all soybean rhizobia tested exhibited the phenotype of inducible resistance. The apparent conservation of this phenotype between these relatively unrelated rhizobia suggests an essential role in the symbiotic interaction with the host plant.
In the rhizosphere of G. max, isoflavones are constitutively present (4, 15, 22, 33, 35) . These isoflavones have at least two functions in the interaction between G. max and its microsymbionts: (i) they induce the common nod genes (1, 14, 20, 22) as well as B. japonicum genes for host-specific nodulation of soybeans (7); and (ii) they apparently also induce the resistance against the phytoalexin glyceollin. The nodD gene product is believed to interact with flavonoids, thereby activating the transcription of the common nod genes (25) . However, in the common nod mutant A1240, tolerance to glyceollin is still inducible, indicating that these genes are not required for the expression of the resistance. Thus, a recognition process specifically activated by isoflavonoids not involving the previously described nodD genes has to be postulated in B. japonicum.
In fungal species, inducible phytoalexin resistance without degradation of the phytoalexin has already been observed. Denny and VanEtten (5, 6) reported an inducible resistance to pisatin in the ascomycete Nectria haematococca. Stossel (41) observed an adaptation of the oomycete P. megasperma to glyceollin. The phenomena described by these researchers share similarities with those presented here. In all these cases, resistance to phytoalexins of the isoflavonoid type is inducible by isoflavonoids. In addition, an inducible resistance of fungi to a phytoalexin of carrots has been observed (24) . Our data constitute the first report of an inducible phytoalexin resistance in a bacterial species.
We were unable to detect degradation of glyceollin by B. japonicum, Rhizobium meliloti, R. leguminosarum, or Erwinia carotovora (data not shown). Fett and Osman (11) found that glyceollin was not degraded by Pseudomonas syringae subsp. glycinea. Stossel (41) the lack of metabolism must be attributed to the special conditions applied in these studies. However, all these findings taken together suggest a particular stability of this molecule against degradation. Interestingly, the less complex pterocarpan glycinol, a biosynthetic precursor of glyceollin, has been reported to be metabolized by E. carotovora (45) . Phytoalexin detoxification has been proposed as an important mechanism by which pathogens overcome this plant defense response (43) . The apparent difference in degradability of glycinol and glyceollin might be one explanation for the evolution of more complex phytoalexins which are not so easily detoxified by pathogenic microorganisms.
The mode by which glyceollin and other pterocarpan phytoalexins exert their antibiotic activity has been the subject of a number of studies. While some results suggest a nonspecific mode of action involving disruption of membrane integrity (44) , other data support the hypothesis that glyceollin works via specific sensitive target enzymes such as ATPase (12) or NADH-ubiquinone-oxidoreductase (2) . From unpublished data, we know that the NADH-ubiquinone-oxidoreductase of B. japonicum 110spc4 is highly sensitive to glyceollin, being strongly affected at concentrations as low as 2 ,uM. The nonspecific membrane effects of glyceollin were observed at much higher concentrations (44) . Therefore, it appears that the inhibition of specific target enzymes might be the primary mode of the antibiotic effect of glyceollin. However, as shown in the present study, glyceollin-resistant B. japonicum cells tolerate concentrations of glyceollin up to 440 ,M. Such high concentrations have been reported to disturb membrane integrity (44) .
With our present knowledge, we can only speculate about the mechanism by which soybean rhizobia overcome the inhibitory effect of glyceollin. The nonspecific mode of action via membrane disintegration makes an exclusion mechanism more likely to be responsible for the resistance than an adaptation of a target enzyme. It is well established that the outer membrane of gram-negative bacteria acts as a permeability barrier for hydrophobic substances (27) . Grampositive bacteria exhibit a much higher sensitivity to isoflavonoids than gram-negative ones (13) . On the basis of these observations, we propose that the outer membrane with its limited permeability for hydrophobic compounds is involved in the resistance against glyceollin. However, if the resistance confers a significant advantage on the microsymbiont, the question remains open as to why a sensitive status exists at all. Flavonoid nod gene inducers are thought to accumulate in the cytoplasmic membrane (36) where the nodD gene product is located (39) . To achieve an induction, obviously these substances have to pass the outer membrane. Herein lies the dilemma for rhizobia. On the one hand, flavonoid compounds, even when present at very low concentrations, have to be taken up as signal compounds. On the other hand, an inhibitory intracellular concentration of isoflavonoids must not be reached. Permeability changes of the outer membrane, induced by isoflavonoids, would be a plausible, yet to be tested, solution for these divergent requirements as well as an explanation for the effects observed.
